The frictional performance of materials used in face seals is critical to the sealing performance. Silicon carbide is commonly used in hard rings because of its abrasion resistance, corrosion resistance, and thermal shock resistance. In this study, the frictional performance of silicon carbide, including graphite-added silicon carbide, under water and lubrication-absent conditions was studied by using a Falex-1506 tribotester and different working parameters. In addition, the morphology of the worn surfaces was observed using scanning electron microscopy and the damage was characterized to understand the tribological behavior of different silicon carbides. The results suggest that the friction coefficients decrease with increasing pressure under water lubrication conditions because of the water within the holes on the surface of the materials. The percentage of water lubrication increases, whereas the percentage of solid friction decreases when the pressure increases. Under dry contact conditions, the friction coefficients change negligibly with increasing pressure and graphite-added silicon carbide shows better frictional performance.
Introduction
The frictional performance of materials used in mechanical seals is critical to sealing performance [1] . Silicon carbide is commonly used in mechanical face seals because of its abrasion resistance, corrosion resistance, and thermal shock resistance. Moreover, sintered SiC is porous and the holes in it act as fluid reservoirs, thus maintaining the fluid film. Previous studies showed that the control of porosity results in better frictional performance and thermal shock resistance [2] .
In soft and hard pairs of graphite and silicon carbide (SiC), the soft material is worn more than the hard material when the seals work under high speed or high pressure. To increase the wear resistance of seal faces, hard/hard pairs of silicon carbide-based materials are used. Several researchers observed lower friction coefficients and lower wear rates in sliding surfaces by coating the SiC substrates with diamond-like carbon (DLC) or graphite-like carbon (GLC) on Refs. [3] [4] .
Pure water is environmentally friendly and inexpensive; hence, pure water hydraulic systems have been applied in industry, e.g., food processing and nuclear engineering. In addition, the frictional or hydrothermal performance of silicon carbide under water lubrication conditions is under increasing scrutiny [5] [6] .
A small quantity of free graphite exists in graphiteadded sintered silicon carbide. Free graphite has selflubrication and anti-wear properties [7] . Researchers have been trying to improve the frictional performance of silicon carbide by using graphite-like carbon films under dry and water lubrication conditions [8] [9] .
Silicon carbide is commonly used in mechanical seals of reactor coolant pumps. The sealing system works in the presence of water under normal working conditions and may briefly experience dry contact conditions during starting and stopping. Free graphite is added to silicon carbide to improve its frictional performance. This study aims to understand the frictional performance of sintered silicon carbide and graphite-added sintered silicon carbide under water lubrication and dry contact condition.
The load was varied and the tribology experiments were performed on a Falex-1506 tribotester. To understand the tribological performance of different silicon carbides, the morphology of the worn surfaces was observed by scanning electron microscopy (SEM).
Experimental details

Experimental materials
The materials used in the experiments are sintered silicon carbide, and are currently used or may be used in the future in mechanical seals. Their mechanical and physical properties are listed in Table 1 . The materials are WNV2, sintered pressureless-bonded SiC (PLSiC); CHV1, graphite-added PLSiC; R, sintered reaction-bonded SiC (RBSiC); and R2, graphite-added RBSiC.
Experimental parameters
The experiments were performed on a Falex-1506 tribotester. The upper sample is an annular ring with an inner diameter of 25.5 mm and an outer diameter of 28.5 mm. Underneath the upper sample, the stationary sample is a ring with an inner diameter of 15.8 mm and an outer diameter of 31.7 mm. The upper ring rotates against the stationary one and the friction torque is measured by a sensor (Fig. 1) .
The experiments were performed in room temperature and the operational parameters of the experiments are listed in Table 2 .
Eight hard/hard frictional pairs (Table 3) were tested under different loads to investigate the influence of the materials and pressure on friction under dry and water lubrication conditions. 3 Results and discussion
Water lubrication conditions
Two types of hard/hard pairs are specified. The first is the self-mated pair, which means sliding pairs of materials with the same hardness, such as WNV2/WNV2
(No. 1, Table 3 ). The other is the nonself-mated pair, such as WNV2/CHV1 (No. 1, Table 3 ). The friction coefficients of the self-mated pairs under different contact pressures (0.70-2.80 MPa) and average circumferential speed of 5.074 m/s are shown in Fig. 2 . Sliding scratches were observed on the surface (Fig. 3(b) ) and the friction coefficient range was 0.05-0.18. It was confirmed that these pairs are sliding under mixed lubrication conditions [10] . From Fig. 2 , it is seen that the friction coefficients of the self-mated pairs decrease with increasing pressure. The same trends are obtained when the sliding pairs are replaced by nonself-mated pairs (Fig. 4) . The small holes on the surface of silicon carbide ( Fig. 5(b) ) become larger and contain more fluid under high pressure because of the elastic deformation or wear. As a result, when the pressure increases the percentage of water lubrication increases, whereas the percentage of solid friction decreases. The friction coefficients consequently decrease. This is shown by comparing the trends of the friction coefficients under dry contact (Figs. 6 and 7) and water lubrication conditions. As can be seen from Figs. 2 and 4, hard/hard pairs with CHV1 or R2 have better friction performance under water lubrication than pairs without them, which is attributed to the added graphite. However, this behavior is more pronounced in CHV1 than R2. From the SEM micrographs of the wear tracks (Fig. 8) , it can be seen that the wear mode is abrasion for CHV1 and adhesion for R2, which may be related to the abovementioned phenomena. However, whether transfer of material occurs or not needs to be further studied. 
Dry contact conditions
The friction coefficients of self-mated pairs under different contact pressures are shown in Fig. 6 . It can be seen that the friction coefficients vary little as the contact pressure increases. This also applies to the nonself-mated pairs.
Self-mated pairs of graphite-added sintered silicon carbide have better frictional performance under dry contact conditions because free graphite in graphiteadded silicon carbide has self-lubricating properties.
The bulk wear loss is shown in Fig. 9 . The bulk wear loss of pairs with RBSiC is greater than without it. Considering the low friction (less than 0.25) and the bulk wear loss, the WNV2/CHV1 and CHV1/R2 pairs show better performance. 
Wear mechanism
Using WNV2/WNV2 and CHV1/CHV1, as an example, the wear mechanism of silicon carbide under dry contact and water lubrication conditions is shown in Figs. 3(a)-3(b) and 5(a)-5(b), respectively. Under water lubrication conditions, while the contact pressure is low (less than 1.1 MPa), the friction coefficient is high. As the load increases and water lubrication becomes dominant, the friction coefficient decreases.
Under dry contact conditions, the surface is severely worn (Figs. 3(c) and 5(c) ). As the range of contact pressure is not sufficiently broad, the contact area of the asperity changes slightly and thus, the friction coefficient remains the same.
Conclusions and recommendations
The frictional performance under dry contact and water lubrication conditions of eight hard/hard pairs of four sintered silicon carbide-based materials (WNV2, CHV1, R, and R2) was tested by using a Falex-1506 tribotester. Under water lubrication conditions and the working load and velocity range, the pairs are sliding in mixed lubrication conditions with friction coefficients from 0.02 to 0.24. The friction coefficients of different pairs of sintered silicon carbide in mechanical seals decrease as the load increases because of water in the small holes on their surface. The percentage of water lubrication increases, whereas the percentage of solid friction decreases with increasing pressure. Moreover, graphite-added pressureless sintered silicon carbide (CHV1) showed improved tribological performance compared with graphite-added reaction-bonded silicon carbide (R2); the wear mode was abrasion for CHV1 and adhesion for R2, which may be the reason for it.
Under dry contact conditions, the friction coefficient changes negligibly with increasing load. Graphiteadded sintered silicon carbide has better frictional performance in the examined load and velocity range, presumably, because of the self-lubricating properties of free graphite.
